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Heavy fermion behavior of itinerant frustrated systems: β-Mn, Y(Sc)Mn2 and LiV2O4
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(Dated: October 25, 2018)
These three metallic systems do not exhibit any magnetic ordering despite experiments show the
existence of localized moments with large antiferromagnetic exchange: this is a consequence of the
strong geometric frustration (Y(Sc)Mn2 and LiV2O4 have the Pyrochlore structure, while β-Mn
has a more complicated frustrated structure) Another common feature is their very large specific
heat coefficient γ = C/T (420 mJ mole−1 K−2 for LiV2O4) Several explanations have been proposed
for this ”3d heavy fermion behavior”, including a 3d-Kondo effect. However the similarities between
the three compounds indicate that frustration plays a big role. We propose a new model which takes
into account the existence of two types of 3d-electrons (localized and itinerant) and a frustrated
antiferromagnetic exchange between the localized 3d electrons.
I. INTRODUCTION
In the recent years, there has been a great interest
in the study of localized frustrated systems, but much
less work whas been devoted to itinerant frustrated sys-
tems. In this paper we describe three metallic systems,
Y(Sc)Mn2, β-Mn and LiV2O4, in which the absence of
any ordered magnetic phase at low temperature is related
to their frustrated cristallographic structure. These three
compounds exhibit many similarities, the most spectular
being their heavy Fermion behavior, wichh is quite un-
usual for 3d-electron systems. Table 1 summarizes some
properties of these compounds: two of them (Y(Sc)Mn2
and LiV2O4), (ref 1, 2) are similar to pyrochlore sys-
tems, while β-Mn has a more complicated structure made
of corner-sharing triangles (ref 3,4) for which we have
shown that the mean-field ground state is disordered (ref
4). The values of the specific heat coefficient γ = C/T
(see 2nd line of table 1) are the largest ones observed for
3d-metallic systems (ref 3, 5 and 6), while the values of
γ estimated from band structure calculations is at least
one order of magnitude smaller (3th line of table 1). In
all these compounds the exchange is antiferromagnetic,
but in Y(Sc)Mn2, Θp is too high to be measured (line 4 of
table 1); another common feature is the finite relaxation
rate observed at low temperature in neutron or NMR
experiments, similar to 4f heavy fermions (ref 3, 7, 8),
from which a caracteristic spin-fluctuation temperature
can be estimated (last line of table 1). Thus, the same
physical picture can be applied to these three systems:
strong frustration due to the cristallographic structure
prevents any antiferromagnetic ordered ground state and
large spin fluctuations are present up to very low temper-
atures; we propose here that the heavy fermion behavior
is a consequence of the peculiar properties of the ground
state: due to frustration, a large spin disorder entropy is
expected ta low temperature, giving rise to a large cob-
tribution to the specific heat.
Several models have been proposed for explaining these
unusual properties of LiV2O4:
- the density of states has been calculated by several
groups (9, 10, 11). In a pyrochlore lattice, flat bands
can be obtained within tight binding approximation for
s-bands. With d-bands, some bands are almost disper-
sionless, but all these band calculations, the density at
the Fermi level is at lesat 20 times too small to explain
the large γ-value. However some interesting features can
be deduced from these calculations: the valence of V ions
in LiV2O4 is 3,5, which indicates that half of the V ions
are V4+ (spin 1/2) and half are V3+ (spin 1). The 3d-
electrons occupy t2g states: 1 electron is in A1g almost
localized orbital, while 0.5 electrons partially fill a twicely
degenerate Eg band.
- Fujiwara et al (ref 12) proposed that LiV2O4 is close
to a para-ferromagnetic instability; the large γ-value
would be in this case due to paramagnons. However the
exchange interactions are clearly negative in the three
systems.
- The possibility of a usual Kondo effect has been dis-
cussed by Anisimov et al (ref 13): it was proposed that
there is a negative exchange between the localized A1g
electron and the itinerant Eg electrons, but since there is
a large positive intra-atomic exchange (Hund’s coupling),
it is then necessary to invoke a quite large intersite neg-
ative Kondo coupling to overcome.
It should be mentionned that only very few papers (see
e.g. 14) consider the effect of lattice frustration in an itin-
erant model (Hubbard, t-J, or Kondo lattice model). In
this paper we study a double exchange model appropiate
for LiV2O4, taking explicitely into account the disorder
due to frustration.
II. A MODEL FOR LIV2O4
As explained above, the band structure calculations in-
dicate that the 3d-electrons are distributed between two
types of electronic states:
- 1 electron per site is localized and will be described as
a localized spin 1/2,
−→
Si . Nearest neighbor localized spins
interact through superexchange interaction described by
the hamiltonian:
2HI = −
∑
i,j
Iij
−→
Si .
−→
Sj (Iij < 0) (1)
- 0.5 electrons per site are itinerant. They will be de-
scribed in tight binding approximation by:
HB = −
∑
i,j,σ
tijc
+
iσcjσ (2)
we neglect here the degeneracy of the conduction band
and the inta-atomic Coulomb interactions between con-
duction electrons. In the following we do not take into
account the real cristallographic structure and we sup-
pose a simple band structure with one atom per unit
cell.
- Finally, we take into account the ferromagnetic intra-
atomic coupling between conduction and localized elec-
trons due to Hund’s rule:
HJ = −J0
∑
i
−→
Si .−→σi (J0 > 0) (3)
Similar models are used in the literature to describe
double exchange systems like Manganites. However in
our case the main difference comes from the frustrated
superexchange interactionHI : if this interaction is larger
than double exchange, magnetic ordering cannot be sta-
bilized due to frustration. On the contrary, if double ex-
hange is large, ferromagnetism should occur.
Thus, we consider in the following the case where the
localized spins
−→
Si are in a spin liquid state which we de-
scribe by two conditions: (i) their is no local magnetiza-
tion: <
−→
Si >= 0 ; (ii) short range spin-spin correlations
play an important role: <
−→
Si .
−→
Sj > 6= 0 for neighboring
sites i and j.
III. SLAVE BOSON MEAN FIELD
APPROXIMATION
We treat both interaction terms HI and HJ using a
slave boson mean field approximation similar to what
was used in ref 15 for the Kondo lattice model (which is
similar except the fact that J0 is negative in the Kondo
model):
- for the intersite term HI , we introduce fermions cre-
ation and annihilation operators, d+iσ diσ instead of the
spin operator
−→
Si and we introduce the mean field param-
eter Γij =< d
+
iσdjσ >, as in ref 15. Then, restricting to
neraest neighbor exchange, HI is replaced by:
H˜I =
∑
i,δ,σ
Ii,i+δΓi,i+δd
+
iσdi+δσ −
∑
i,δ
Ii,i+δ(Γi,i+δ)
2 (4)
where δ connects neighboring sites in the lattice. This
approximation is equivalent to a pseudo hopping hamil-
tonian for the localized d-electrons; the nereast neighbor
spin-spin correlation is then negative and given by:
<
−→
Si .
−→
Sj >= −
3
2
(Γij)
2 (5)
- For the intrasite correlation term, HJ , the mean field
approximation of ref. 15 is not appropriate since in the
present case J0 is positive. Instead, we introduce here
a pesudo-hybridization between opposite spin directions:
ui =< c
+
i↑di↓ >, which leads to the following effective
hamiltonian:
H˜J = −
J0
4
∑
i
ui(d
+
i↑ci↓ + d
+
i↓ci↑) + u
∗
i (c
+
i↑di↓ + c
+
i↓di↑)
+
J0
2
∑
i
u2i (6)
The local spin-spin correlations are then positive, as
expected in the case of positive intra-atomic exchange:
<
−→
Si .−→σi >= u
2
i (7)
- Other parameters have to be introduced to satisfy
the charge conservation conditions: on each site the d-
electron number should be equal to 1; this can be sat-
isfied by introducing a Lagrange multiplicator λi. As a
consequence of this charge conservation, the d-states will
be pinned at the Fermi level, and this will be the origin
of the large specific heat coefficient. Finally the Fermi
level EF is determined by fixing the number of conduc-
tion electrons (0.5 in LiV2O4).
Since we have not taken into account the real cristal-
lographic structure, both conduction and localized elec-
trons are described by one tight binding band, respec-
tively εc and εd, which are related by: εd(k) = IΓεc(k)−
λ. This relation allows simple analytic calculations.
We restrict to uniform solutions: Γij = Γ, ui = u,
λi = λ. In this case, the picture is that of two hy-
bridized bands, one of them (the d-electron band) has
a temperature width Wd ≈ 2zΓI and it is pinned at the
Fermi level through the parameter λ. The hybridization,
Vcd = J0u/4 is also temperature dependent and it pro-
duces a strong renormalization of the density of states at
the Fermi level, similar to the Kondo lattice. If Vcd is
large enough, it can open a gap in the density of states,
but since the system is far from half-filling, the Fermi
level will not be in the gap, but it will be located in the
peak of density of states.
The temperature-dependence of Γ, u and λ can also
be calculated, as in ref 15: it will define two caracteristic
temperatures: u vanishes at THF which can be consid-
ered as the caracteristic temperature below which Heavy-
fermion behavior occurs (≈ 20◦K in LiV2O4 as indicated
3by experiments); Γ vanishes at Tmag which is found to
be higher than THF ; Tmag is related to the paramagnetic
Curie temperature Θp (≈ 60
◦K in LiV2O4). As usual in
the mean field slave boson methods, a phase transition
occurs at these caracteristic temperatures but these tran-
sitions are detroyed if fluctuations beyond mean-field are
considered; thus, THF and Tmag should be considered as
cross-over temperatures, rather than transition temper-
atures.
IV. CONCLUDING REMARKS
We have proposed a new picture of the origin of the
3d-heavy heavy fermion behavior, based on a microscopic
model suitable for LiV2O4. We have shown that a reso-
nance may occur near the Fermi level due to the coupling
of localized and itinerant electrons in a spin liquid back-
ground: the itinerant spins ”follow” the localized ones
through the intra-atomic coupling J0 and this results in
a strongly renormalized density of states for the quasi-
particles. There is a main difference with the Kondo case:
the origin of the Kondo resonance is in the formation of a
collective singlet state due to the Kondo interaction be-
tween one localized spin and conduction electrons. Here,
the singlet state is a frustration of intersite frustration.
We have shown two different energy scales are present
in this model: THF and Tmag. These temperatures, as
well as the value of γ, can be related to the microscopic
parameters tij , Iij and J0; this will be done in the near
future for LiV2O4; estimation of these parameters can
be obtained from the band structure calculations: the
conduction band width Wc is of the order of 2eV, J0 is
usually taken between 0.5 eV and 1 eV. Estimation of the
superexchange interaction Iij is more difficult since the
value of the paramagnetic Curie temperature (≈-60◦K)
reflects both antiferromagnetic superexchange and fer-
romagnetic double exchange. A crude field calculation
gives: Θp =
S(S+1)
3 (zI + 2(J0)
2χ0),where χ0 is the sus-
ceptibility of itinerant electrons. A quantitative descrip-
tion of LiV2O4 requires also to take into account the
tight binding band structure in the spinel lattice, which
contains almost flat bands already in the absence of any
correlations.
Finally, in the introduction we have pointed out the
similarities of the three compounds, Y(Sc)Mn2, β-Mn
and LiV2O4, and possible application of this model to
Y(Sc)Mn2 and β-Mn requires to identify two types of
electrons: localized and itinerant.
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4Y(Sc)Mn2 β-Mn LiV2O4
structure cubic Laves Phase cubic A13 spinel
γ (exp.) mJ.mole−1 K−2 180 70 420
γ (th.) mJ.mole−1 K−2 13 8 17
Θp (K) ? -50 -63
Γ (meV) 8 20 0.5
Tsf (K) 160 400 10
TABLE I: The three frustrated 3d-heavy fermion systems
